First-principles electronic structure and positron-state calculations for transition-metal carbides and nitrides are performed.
I. INTRODUCTION
Re&actory metal carbides and nitrides exhibit interesting physical properties, e. g., high melting points, extreme hardness, and relatively high superconducting transition temperatures. These make them attractive for both theoretical investigations and technological applications.
Many of their desirable characteristics are critically infiuenced by the presence of vacancies, which occur mostly on the nonmetal sublattice. Experimental evidence shows that, e.g. , in the rocksalt (Bl) modification of these compounds, up to 30% of the lattice sites may be vacant (i.e., up to 60% of the nonmetal sublattice). Thus, the presence of vacancies in refractory metal carbides and nitrides seems to be an intrinsic property of these compounds. '4 Positron annihilation spectroscopy (PAS) is a sensitive technique for studying lattice defects with electron density less than average, the vacancies in particular. In pure metals PAS yields very precise values of vacancy formation enthalpies, and the process of positron trapping at point defects in pure metallic elements is more or less well understood.
The behavior of point defects in alloys and intermetallic compounds is somewhat more complicated than in pure metals. First, several types of vacancies and interstitials may exist, some of them with peculiar properties. In many processes, different types of defects may compete, thus complicating the underlying physical mechanisms. In this case it is important to be able to detect these various defect types and to resolve their role in the processes studied.
Due to the larger variety of defects in alloys and intermetallics, the interpretation of the PAS experimental data is more difficult than in pure metals. In most cases, a thorough theoretical analysis is indispensable in order to determine how various types of defects are reBected in the PAS data and to draw some quantitative conclusions. Although the relation of positrons and vacancies in concentrated alloys has already been discussed in several publications (see, e.g. , Refs. 7 -9), one usually does not perform first-principles electronic structure calculations of positron properties in defects as, for example, in Ref. 10. Nevertheless, employing such calculations is generally the only way to understand the experimental PAS data in more complicated systems and to get a correct description of the defect properties.
In principle, vacancies may occur on both metal and nonmetal sublattices in re&actory metal carbides and nitrides. However, most experimental results indicate that nonmetal vacancies are the predominant defects in these compounds, although vacancies on both sublattices have been reported, especially in (presumably metastable) superstoichiometric (i.e., nonmetal excess) compounds (see, e.g. , Ref. 11 and the references therein). These experiments are usually performed by x-ray diffraction and pycnometry and their sensitivity may be estimated as not better than +0.005 in the resulting vacancy concentration.
Thus, if the concentration of vacancies on the metallic sublattice is less than 0.005, they will not be detected by the above-mentioned methods.
Positrons are sensitive to monovacancies in the concentration range 10 -10,at least in pure metals. If the 0163-1829/94/49(16)/10947(11)/$06. 00 49 10 947 1994 The American Physical Society concentration of vacancies is higher than about 10,all positrons are trapped and annihilated in vacancies (saturation trapping) . In this case, the corresponding PAS characteristics yield information not about the electronic structure of the bulk material, but about the features of the vacancies themselves. In alloys and intermetallics the near environment of different types of vacancies may carry different net charges. As in the case of semiconductors more negatively charged defects are expected to attract positrons more strongly.
Therefore, preferential annihilation at some kinds of defects may take place, whereas some other types of defects are not detected at all.
Vacancy-free refractory metal carbides and nitrides exhibit a very high electroaic density. The corresponding positron lifetime may be estimated to be about 100 ps; this is lower than the values found for most transition metals. Recent PAS measurements of Rempel et al. yield values of 155 -176 ps in refractory metal carbides, which were interpreted in terms of predominant positron annihilation with metal valence electrons, taking into account the presence of carbon vacancies even in nominally stoichiometric samples. It is one of the principal goals of this paper to find out, with the help of first-principles theoretical analysis, which types of vacancies affect the positrons in those materials, and to gain a deeper understanding of the experimental results.
In addition to the refractory (group-IV and -V) metal carbides and nitrides, which exist in the Bl structure, we have extended our calculations along the 3d transitionmetal series up to Fe in order to see the trends exhibited by various quantities more clearly. It should be possible to generalize the main conclusions drawn for the B1structure carbides and nitrides to the other structures as well.
Another important quantity which may be used in the analysis of the PAS data is the positron a%nity. In a material with carbide or nitride precipitates, the difference in positron afBnity between the precipitate and the matrix determines whether the precipitates are attractive or repulsive for the positron and, therefore, if they may be detected by PAS or not. Whether such a case occurs or not has been discussed in neutronirradiated pressure vessel steels, and the present results are highly desirable to understand the PAS data obtained in those materials. Let us remember that until recently positron afBnities were calculated for elemental metals only.
Here we show that such calculations are tractable also for perfect and imperfect compounds.
The paper is organized as follows: in Sec. II the details of the calculation of electronic structure, positron aKnity, and lifetime are given. Section III describes the theoretical results and their colnparison with available experimental data. The electronic structures and positron characteristics are thoroughly discussed as well. Conclusions are presented in the closing Sec. IV.
II. COMPUTATIONAL METHOD
Our self-consistent electronic structure calculations as well as the determination of the positron states are based on density-functional theory within the local-density approximation (LDA). ' In the LDA the effective potential for the electrons is written in the form . &(r) =~( r) +~(n(r)) where P(r) is the Coulomb potential due to the nuclei and electron charge density and v", is the LDA exchangecorrelation potential, which depends on the electron density n(r). The effective potential determines, via oneelectron wave functions, the electron density in turn. The ensuing problem has to be solved self-consistently. The one-electron eigenvalues give the electronic band structure, the most important parameter of which, for the present application, is the Fermi level. The potential affecting the positron is constructed also in the LDA as where P is the Coulomb potential as in Eq. (1), and V, " is the correlation potential describing the energy lowering due to the electroa pileup aear the positron. The correlation potential V, " is treated within the LDA based on many-body calculations for a delocalized positron in a homogeneous electron gas.
We calculate the self-consistent electronic structures of differen carbides and nitrides using the linear-muKn-tinorbital method (LMTO) within the atomic-spheres approximation (ASA). 20 For a given compound, the radii of the metal atom and the carbon or nitrogen atom spheres are chosen to be equal. The core electron wave functions in the solid state are frozen to be the free-atom functions. The valence electron wave functions are determined scalar relativistically using partial waves up to l = 2 for the transition-metal spheres and up to l = 1 for the carbon or nitrogea spheres. The spheres are arranged into the NaCl lattice structure and lattice constaats are determined by minimizing the total energy.
In the calculations for the NaCl-structure carbides aad nitrides with vacancies a supercell with eight atomic sites ( Fig. 1 ) is used. For the lattice constants the values optimized for perfect crystals are employed. The atoms neighboring the vacancies are not allowed to relax &om their perfect lattice positions. The positron states are calculated also in the supercell geometry using the same numerical methods.
In the LMTO-ASA method the potentials and energy levels are given with respect to the so-called crystal zero level, which is defined as the zero of the Coulomb potential due to the nuclei and the electron density of the infinite solid. In the ASA the lattice is divided into spheres centered around nuclei. The spheres fill the whole space and the electron density and the potentials are approximated to be spherical inside these spheres. Therefore the calculation of the Coulomb potential and the determination of the crystal zero is easy. For example, in the case of fcc and bcc metals, for which all the spheres are identical neutral % igner-Seitz spheres, the Coulomb potential due to every sphere vanishes just outside its surface. The position of the Fermi level relative to the crystal zero defines the electron chemical potential p . For positrons, For the carbides and also for the nitrides the lattice constants decrease along the Sd series. However, they increase sharply when going downward in the Periodic Ta The positron affinity A+ is de6ned as the sum &+ = P -+0+.
The importance of the positron affinity is that the difference of the positron energies between different materials in contact is the difference in their positron affinities. 6 Positrons have the lowest absolute energy level in the material which has the lowest (negative) positron affinity. Moreover, the positron affinity is an important quantity in surface physics studied by slow-positron beam techniques. For example, the positron affinity is related to the measured positronium formation energy and to the positron work function. For the relations between positron energetics and the affinity in the case of solid surfaces, see Ref. 16.
The positron lifetime v is calculated from the electron and positron densities within the LDA.
In the LDA, the total positron annihilation rate A = 1/7 reads as drn+rFn r
III. KESU'LTS AND DISCUSSION

A. Electronic structures
The calculated NaCl-structure lattice constants for the transition-metal carbides and nitrides are given in ble from the 3d series to the 4d series and then they decrease slightly between the 4d and 5d series. These trends reHect the changes in the localization of the uppermost d wave functions. The calculated lattice constants are compared with the experimental values in cases where the NaCl structure is stable. The theoretical lattice constants calculated in the I DA are expected to be smaller than the experimental ones, but in our results this is not true for ZrC, NbC, TaC, TiN, and VN. Moreover, the experimental trend that the lattice constant for a nitride is slightly smaller than that for the corresponding carbide is not obeyed in the calculated results (Table I ). The reason for these small discrepancies is most probably the ASA, which cannot describe open lattice structures accurately enough without empty spheres. The NaCl structure is on the borderline between dense (fcc, bcc) and open (diamond) lattice structures.
As an example of the calculated electronic structures we show in Fig. 2 the density of states (DOS) for TiC.
Again, the present results agree very well with previous KKR (Korringa-Kohn-Rostoker) 2s and LMTO-ASA24 2s calculations. In the total DOS the 6rst structure on the left is due to mainly 8-type states of carbon. The broad structure just below the Fermi level corresponds to the hybridized C p and Ti d bands. Above the Fermi level the main contribution to the DOS comes f'rom the Ti d bands. The DOS's for the other NaCl-structure car-bides and nitrides are very similar to that for TiC. Thus, the relative position of the the Fermi level for the different compounds depends primarily on the number of valence electrons. For the group-IV refractory metal carbides TiC, ZrC, and HfC the Fermi level is near a deep minimum of the DOS, whereas for the other carbides and nitrides considered in this work the Fermi level is situated in the high-DOS region of the metal d bands. The position of the Fermi level relative to the DOS is re8ected also in the behavior of the electron chemical potential, i.e. , in the position of the Fermi level relative to the crystal zero. According to Table I the electron chemical potential for carbides rises strongly ft. om TiC to VC and then decreases slowly toward FeC. The nitrides TiN, VN, and CrN, which we have studied, are in the region of decreasing electron chemical potential (the number of valence electrons in TiN is the same as in VC). In the case of transition-metal carbides, going down within group IV or group V first lowers the electron chemical potential between the 3d and 4d series, but increases it between the 4d and 5d series. This behavior reBects again changes in the localization of the d wave functions or in the bandwidths.
The eEects due to introduction of carbon or nitrogen vacancies agree with previous notions24' s ' [the main reason for the minor differences between our DOS's and those in the above papers is probably the use of a larger number of k points (84 in the irreducible Brillouin zone) in our calculations].
The reduction in the number of valence electrons has a tendency to lower the electron chemical potential. As seen in Fig. 3 the group-IV carbides the Fermi level is around the minimuxn in the DOS and thus at the same region as the induced peaks, the Fermi level is pinned by these peaks.
As a result, the electron chemical potential decreases only slightly in TiC, and in ZrC and HfC it even increases due to the introduction of carbon vacancies. In the cases of the other carbides and nitrides studied, the vacancyinduced peaks are at low'er energies relative to the Fermi level and the carbon or nitrogen vacancies decrease the value of the electron chemical potential. As discussed in Refs. 29 and 30, some of the nonmetal vacancy peaks may be due to the long-range ordering of the vacancies in the calculated structures. Therefore the nuxnber, intensity, and position of the vacancy-induced peaks may be diferent for disordered systems or for isolated vacancies. However, the position of the Fermi level and the value of the DOS at the Fermi level will hardly inBuence the calculated positron lifetime, as it is determined by the total electron density [Eq. (4)j. There might be some minor changes in the calculated values of positron aKnities, but, as our results show, they cannot infiuence the physical conclusions drawn in the present paper. Thus, as far as the calculated positron lifetimes and affinities are concerned, they may be only slightly changed due to vacancy ordering. As we are primarily interested in isolated vacancies, we have made convergence tests of positron annihilation characteristics with respect to the size of the elementary cell. The results of those tests are described in Sec. III C.
As we can see &om Fig. 3 , the metal vacancies do not induce new prominent peaks. The Fermi level is lowered with respect to the perfect crystal both due to the overall shift of the bands and due to the reduction in the number of valence electrons.
The above details of the electronic structures are important for the positron properties as well, namely, the behavior of the Fermi level makes a large contribution to the trends in the positron affinity (as will be discussed below). Moreover, the fact that these systems are metallic guarantees that the position of the electron chemical potential is well defined, in contrast to the case of semiconductors or insulators, in which its actual position in the band gap is determined by the experimental conditions. Finally, the metallic character means that formulas for positron correlation energy and for the annihilation rate that are based on the free-electron-gas model are expected to be valid.
TiC [110] vc~~~~[ 110]~~t he results for the positron lifetimes we have also applied the superimposed-atom method for the present systexns. Here the electron density is non-self-consistent (it is given by the superposition of the free-atom densities), but the benefit of this approach relative to the LMTO-ASA is that the real three-dimensional geoxnetry is treated correctly (the potentials and charge densities are not assumed spherical). The positron densities in the perfect TiC lattice as well as in the lattices Ti3C4 and Ti4Cq containing Ti and C vacancies, respectively, are shown in Fig. 4 . The plane of the figure is the (110) cut of the supercells used in the LMTO-ASA vacancy calculations (Fig. 1 ). In the perfect lattice the positron wave function has its maxixna at the interstitial regions and vanishes toward the Ti or C nuclei. In the case of the Ti vacancy the positron density is clearly localized around the vacant site, whereas for the C vacancy the positron exhibits a stronger diffusion toward the super-
B. Positron states~~~[
110]
~~T he values of the positron chemical potential calculated by the LMTO-ASA method are given in Table I . cell boundaries. This means that the eHects due to the 6nite supercell size are expected to be stronger for the carbon or nitrogen vacancies than for the metal vacancies. However, the localization of the positron density in the vacancies seen in Fig. 4 means that the positron results, for example the lifetimes obtained, may be considered also as results for isolated vacancies.
C. Positron lifetimes and afHnities
The calculated positron lifetimes for the difFerent transition-metal carbides and nitrides are given in Table   I , for both undefected and defected lattices. The lifetimes are shown also in Fig. 5 as a function of the unit cell volume. For a given type of system, i.e. , for perfect bulk lattices and the two types of defected lattices, the positron lifetime depends rather linearly on the unit cell volume and thus on the open volume available for positrons. However, for 4d and 5d carbides the lifetimes are at lower values than the extrapolation &om the data for the 3d carbides would indicate. The carbon vacancy lifetimes in Sd carbides are about 1.35 times longer than the bulk lifetimes, whereas the corresponding ratio for the metal vacancy lifetimes is about 1.67. For the 4d and 5d carbides the difference in lifetimes between the metal and carbon vacancies increases slightly. For comparison, typical vacancy-bulk lifetime ratios for metals are about 1.6 and for semiconductors less than about 1.3. It is also interesting to note that the lifetime difFerence between the two types of vacancies is smaller in nitrides than in carbides. This is in accordance with the larger number of valence electrons of the nitrogen atom compared to the carbon atom.
The calculated positron lifetimes in perfect transitionmetal carbides and nitrides are low, substantially lower than the calculated or experimental the corresponding pure metals. These low values reBect their high atomic and electronic densities. For example, we can consider TiC as a fcc Ti metal with the octahedral sites occupied by carbon impurities. The lattice constant of 8.06ao (or the experimental one 8.175ao) is only slightly larger than 7.81ao which corresponds to the experimental atomic volume of Ti metal (ao is the Bohr radius, equal to the atomic unit). According to the atomicsuperposition calculations, the increase of the Ti lattice constant from 7.81ao to 8.06ao (8.175ao) increases the positron lifetime from 150 ps to 164 ps (170 ps). In the fcc lattice the positron density has maxima at the octahedral sites. However, the introduction of the octahedral carbon 61ls in these sites and removes the positron into the interstitial sites of the NaCl lattice. The overlap of electron and positron wave functions is then much larger and, as a result, the positron lifetime in TiC reduces to 98 ps. The difFerences between the metal and carbon or nitrogen vacancies deserve further comment. Let us consider again TiC as an example; the situation in the other carbides and nitrides is similar. Table II shows II . Electron and positron distributions and partial positron annihilation rates in perfect TiC and in TiC containing Ti (Ti3C4) or C (Ti4C3) vacancies. The distributions and the partial annihilation rates are given in the ASA for Ti and C spheres and in the case of vacancy lattices also for the (empty) vacancy spheres (E). All the sphere radii are equal.
M is the number of spheres of the given type in the supercell. For a given sphere, N and N+ are the total valence electron and positron charges, respectively, and A, and A"are the partial annihilation rates with core and valence electrons, respectively. In the case of supercells with a vacancy there are four difFerent types of spheres (see Fig. 1 ). The rows for Ti3C4 (Ti4C3) are ordered so that the uppermost row corresponds to the vacancy sphere E and the second row to the three C (Ti) spheres neighboring the E sphere. The third and fourth rows correspond to the three Ti (C) spheres and one C (Ti) sphere, which are the secondand third-nearest neighbors of the E sphere, respectively.
supercell. In the perfect lattice, there is a charge transfer of about one electron &om a Ti sphere to a C sphere. Because of this and the smaller ionic core size of carbon the positron resides more in the C spheres and, therefore, the annihilation takes place preferably in the C spheres rather than in the Ti spheres. Due to the charge transfer described above, metal vacancies may be considered as more negative environments (they are surrounded by negative C spheres) whereas carbon vacancies are more positive. Indeed, according to Table II within the supercell for the titanium vacancy the net charge of the vacancy sphere and of six of its neighboring C spheres is about -3. 7~e~(e is the electron charge). Similarly, the carbon vacancy sphere and its six neighboring Ti spheres have a net charge of about +6.0~e~. Therefore, the positron density is better localized inside the titanium vacancy than in the carbon vacancy (see Table II ). This difference is clear also from the positron densities in Fig. 4 . Because of the good localization, the annihilation at the titanium vacancy happens mainly in the vacancy sphere and in the six neighboring C spheres (see Table II ), whereas in the case of the carbon vacancy there are relatively large contributions to the annihilation rate &om the more distant spheres, too. As a consequence, the positron lifetime for the titanium vacancy is 37 ps longer than for the carbon vacancy.
The positron affinities calculated according to Eq. (3) are given in Table I . For the perfect lattices the affinities are higher than those for most elemental metals. is This re6ects again high electronic densities in carbides and nitrides. For the materials with carbon or nitrogen vacancies the positron affinities are about 3 eV lower than the affinities for perfect crystals. In the case of group-IV transition-metal carbides this lowering is smaller due to the pinning of the Fermi level. The decrease of the positron afBnity due to metal vacancies is stronger, on the average about 6 eV. The high positron affinities for the perfect carbide and nitride lattices suggest that these materials could be used as effective moderators in the slow-positron beam technique. The problem may, however, be the difficulty of producing high-quality single crystals with a low vacancy concentration.
In Table I we show data for bcc Fe, too. This is because the transition-metal carbides are thought to be the irradiation-induced precipitates in reactor pressure vessel steels. Precipitates formed by neutron irradiation have already been studied by PAS. According to Table I the carbide precipitates in Fe could trap positrons and be observable only if they contain metal vacancies because only in that case is their affinity for the positron lower (more negative) than the iron affinity. In order to approach closer to the reality in steels we have also performed calculations for the compound Fe3C, cementite. This is an existing carbide, in contrast to the FeC with the NaCl structure discussed above. Fe3C has an orthorhombic unit cell with 16 atoms. In the calculations we have used the measured lattice constants. The band structure and the density of states obtained agree well with those calculated recently by Haglund et aL using also the LMTO-ASA method. The positron annihilation results for Fe3C are shown at the bottom of Table I . It is seen that the Fermi level in FesC is quite high relative to bcc Fe. This fact, in addition to the increase of the positron chemical potential, decreases the absolute value of the positron affinity and makes positron trapping at perfect Fe3C precipitates in steels impossible. Due to a large computation cost, we have not performed calculations for vacancies in Fe3C, but we expect that their properties, with respect to positron states, will be qualitatively similar to those for FeC. The consequences of the present positron affinity data in the interpretation of the PAS results for irradiated reactor pressure vessel steels are discussed in another context.
The positron binding energy to one isolated vacancy can be estimated from the supercell calculations as follows. In principle, one should have one vacancy in the supercell and increase the size of the supercell until the electron and positron energy levels do not change anymore. The positron binding energy to the vacancy would be the asymptotic value of the positron afBnity difFerence between the vacancy system and the perfect bulk material. Because the electron chemical potential approaches the electron chemical potential for the perfect material when the supercell size increases, the positron binding energy would be obtained also &om the positron chemical potential difference. When the supercell increases the value of the positron chemical potential for the vacancy system is mainly affected by the development of the electrostatic potential near the vacancy. The effects due to overlapping of positron wave functions &om the neighboring shells vanish rapidly because of the localization of the positron wave function. The net effect is, however, that the difference in the positron affinity converges more rapidly than the difference in the positron chemical potential. This is due to the fact that the changes in electron and positron chemical potentials partly cancel each other.
We have tested these ideas by performing calculations for TiC with larger supercells. In the case of a C vacancy the electron chemical potential is pinned by the peaks in the DOS and therefore its changes are small. The changes in the positron chemical potential and consequently in the positron affinities are small as well. For example, if the size of the supercell is increased &om Ti4C3 to Ti8C7, the chemical potentials and the positron affinity change less than 0.2 eV. The positron binding energies calculated &om the positron chemical potentials and &om the positron afBnities (Table I) agree then with the same accuracy. The case of the Ti vacancy is more interesting. The positron binding energies calculated &om the positron chemical potentials and &om the positron affinities for different supercells are shown in Table III . The binding energy calculated &om the affinity difference increases slowly as a function of the supercell size whereas that calculated &om the chemical potential difFerence exhibits a much stronger dependence. The agreement between the two approaches improves remarkably if the size of the supercell increases. Note that the distance &om a vacancy to its nearest periodic image is the same for Tl3C4, Ti7C8, and Tiq5Cq6 but the number of nearest iznages decreases &om 6 to 2 in the given order. This leads to the nearly linear behavior of the binding energies seen Table III . For Ti3~C32 the distance between the nearest vacancies has increased by a factor of 2 and we expect that the binding energy calculated as the afBnity difference will converge by better then 0.1 eV. These results show that the positron aKnity is a very useful quantity in the determination of the positron binding energies, too.
According to the positron afBnities given in Table I , the positron binding energies to the metal vacancies are larger than to the carbon vacancies. This is consistent with the differences in positron localization in these vacancies ( Fig. 4 and Table II ) and with the fact that the positron lifetimes are longer at the metal vacancies than at the carbon or nitrogen vacancies.
The results of the atomic-superposition calculations for the positron lifetimes and binding energies to vacancies in TiC and VC are given in Table IV . Results for the other carbides and nitrides are similar. The supercells used in these calculations contain 8 and 7 atoms for the perfect and vacancy lattices, respectively. It can be seen that the atomic-superposition method gives slightly longer lifetimes for the bulk and for the carbon vacancies than LMTO-ASA. In the case of metal vacancies, at which the positron wave functions are well localized, the values from atomic-superposition and LMTO-ASA calculations are in very good agreement. The positron binding energies at vacancies in the atomic-superposition method are calculated as the difference of the positron energy eigenvalues between the perfect bulk lattice and the lattice containing a vacancy. The positron binding energies given in Table IV can be compared with those obtained from the positron amenity differences in Table I . According to this comparison, the atomic superposition seems to underestimate the binding energy approximately by 1 eV in most cases. The discrepancies in the lifetime and binding energies arise from the different geometrical approximations and from the differences in the self-consistency of the electron densities. 2 The conclusion is, however, that the atomic-superposition calculations confirm well the trends found in the LMTO-ASA results; the lifetime values are even in very good agreement. The atomicsuperposition method allows us to test the effects of the supercell size on the positron lifetimes at vacancies. The use of a supercell with 63 atoms gives positron lifetimes of 174 ps and 126 ps for Ti and C vacancies, respectively. The increase of the size of the supercell seems to have opposite effects on the positron lifetime for these vacancies, compared to the LMTO-ASA values. Nevertheless, we may summarize that there is a good overall agreement between both methods, and small numerical differences do not inBuence the physical conclusions drawn. Let us compare the present calculated positron lifetimes with recent measurements of Rempel et al. for group-IV and group-V transition-metal carbides in Table V. The theoretical and experimental positron lifetimes for the corresponding transition metals are shown for comparison, too. These theoretical values were obtained previously~s by the same methods as the present carbide results. The calculated positron lifetimes for the 10 955 transition metals correspond very well to the xneasured values in most cases. This gives us confidence in the theoretical methods, especially the LDA, for predicting the positron lifetimes.
D. Comparison with positron lifetime measurements
It may be seen Rom Table V that the experimental lifetimes are much longer than the lifetimes calculated here for perfect carbide lattices. It is interesting to note that, for example, the measured lifetime of 160 ps for TiC would correspond to the TiC lattice from which all the carbon atoxns are removed and the remaining fcc Ti lattice is not allowed to relax (see the discussion in Sec. III C). As a matter of fact, Rempel et al.~s arrived at a similar result using simpler arguments. However, their conclusion was that, in the refractory metal carbides, positrons annihilate mainly with metal valence electrons and that the contribution of the carbon electrons to the annihilation is vanishingly sxnall. According to the present calculations annihilation with carbon electrons is important (see Table II ) and the experimental lifetixnes correspond rather to configurations with vacan-
cies.
A more detailed comparison of the theoretical and experimental results shows that, with surprisingly good accuracyth, e measured lifetimes correspond to the average of the lifetimes calculated in the structures with metal and carbon vacancies (r" in Table V ). Only in the case of TiC does the measured lifetime seem to correspond well to the lifetime for a titanium vacancy. On the basis of these results, it seems that in TiC positrons annihilate mostly at the Ti vacancies, whereas in the other carbides the annihilation takes place at both metal and carbon vacancies.
Rempel et al. found that the positron lifetime in NbC"continually decreases from 161 ps to 151 ps when the carbon content is decreased &om y = 1.00 to y = 0.72. They concluded that this is due to the increase of annihilation with metal electrons. According to the present results and our interpretation, the decrease of the positron lifetime refiects the fact that the positron annihilation at metal vacancies becomes less pronounced in the sample with a lower carbon content, in favor of annihilation at carbon vacancies.
There is also another argument in favor of positron annihilation at vacancies and not in the bulk. ManuelM has measured two-dimensional angular correlation positron annihilation spectra of NbC, which were fully isotropic. He interpreted his results as an indication of positron trapping at vacancies, as no modulation due to bulk electronic moment»m density was present.
Thus, on the basis of the above discussion, it seexns that a decisive role of vacancies in positron annihilation in refractory metal carbides is very likely. Except in the case of TiC, both metal and carbon vacancies should be involved in these materials and, therefore, one would expect at least two different lifetixne components. Unfortunately, the resolution and statistics of the xneasurements presented by Rempel et al. did not allow a reliable decomposition.
That is why only average positron lifetimes were given. However, these average lifetimes fully correspond to our interpretation. Future xneasurements with a better resolution power and higher statistics 3.5 should verify or disprove it.
One could also think that the experimental lifetimes correspond to the carbon vacancies only, in which case the too-low theoretical values would be due to the omission of the lattice relaxation around the vacancy. However, using the atomic-superposition xnethod, we have estimated that, for instance, in TiC this model requires an outward (breathing) relaxation of the Ti atoms neighboring the C vacancy, which is about 10% of the nearestneighbor atom distance. Such a large relaxation is improbable for dense carbides or nitrides. Carbon vacancy agglomerates could also possibly cause the relatively long measured positron lifetimes, although their existence is quite improbable in well annealed stoichiometric samples. We have studied this idea by performing atomicsuperposition calculations for clusters of two, three, and four vacancies in TiC and NbC. In these calculations the supercells are obtained &om the 64-atom bulk supercell by removing carbon atoms which are nearest neighbors to each others and keeping the metal atoms in their ideal lattice positions. The results are shown in Table VI. The increase in the positron lifetime is rather slow. Only three-dimensional vacancy clusters of at least four atoms give lifetimes which are close to the measured ones. In this case the annihilation takes place mainly with electrons from the metal atoms, and the situation resembles the above-discussed annihilation in a transition metal with increased lattice constant. (From the calculational point of view it is interesting to note that the positron binding energies at carbon vacancies given in Table VI for the large supercell are smaller than those for the smaller supercell given in Table IV . This refiects the 6nite positron band dispersion in the case of the smaller supercell. ) However, the possibility of carbon or nitrogen vacancy clusters must be considered as highly hypothetic in refractory metal carbides and nitrides. Carbon vacancies form ordered superstructuress 4 and, therefore, their in-teraction is repulsive (see also Ref. 38 , where the efjective cluster interactions for carbon vacancies in substoichiometric VC have been coinputed). Thus, the formation of three-dimensional carbon or nitrogen vacancy clusters is not favored. The nonmetal vacancies can be closer together only if their concentration is high enough. However, this was not the case of the samples used in Ref. 13, which were nearly stoichiometric. The existence of carbon vacancy clusters in those samples is, therefore, highly improbable.
Thus, the comparison of our theoretical positron lifetimes with the measured ones strongly indicates the existence of metal vacancies in the samples. Their concentration may, however, be small in comparison with that of the carbon vacancies, if the positron has a much larger preference to annihilate at the former, i.e. , if the positron trapping coefficient for the metal vacancies is much larger than for the carbon vacancies. As a matter of fact, this is probably the case, because the binding energies to the metal vacancies are larger than to the carbon vacancies and the trapping coefficient (for the electron-hole excitation process relevant here) increases as the binding energy increases.
Moreover, it is known that positron trapping at positively charged vacancies in semiconductors practically vanishes due to the repulsive Coulomb barrier, although there is a bound positron state at the vacancy. According to Table II , the nearest environment of the carbon vacancy has a net positive charge whereas that of the metal vacancy has a net negative charge. The net positive charge may lead to a repulsive Coulomb barrier near the carbon vacancy, although due to the screening this barrier has, in contrast to the case of a semiconductor, a finite range. Thus, the different characters of the total charge densities for the carbon and metal vacancies can lead to preferential positron trapping into the metal vacancies prior to the carbon vacancies. Independent (i.e., nonpositron) evidence for the existence of metal vacancies in B1-type re&actory metal carbides and nitrides is rare. Metal vacancies in ZrN were reported in Refs. 41, 42, and 43. Straumanis found a considerably high metal vacancy concentration also in TiN and HfN (up to 6.31%%uo in nominally stoichiometric HfN). A high structural defect concentration on the Ti sublattice in TiN was revealed in Refs. 44 and 45. Ehrlich44 shows very nicely the decrease of the vacancy concentration on both metal and nonmetal sublattices in the series TiO -TiN -TiC, the defect concentration in TiC being zero within the experimental error limit. Thus, in refractory metal nitrides the existence of metal vacancies has been independently proved; in carbides they may exist as well according to these measurements, but in a small amount. From comparison of our calculations with the experimental results we are not able to estimate the metal vacancy concentration in re&actory metal carbides either. It will probably be lower than 0.005, the estimated sensitivity limit of the pycnometric and x-ray diffraction methods. ' Further investigations in this direction would be desirable.
The only PAS results for re&actory metal nitrides we are aware of have been published by Brunner and Perry. They measured the positron lifetime spectra in TiN and HfN thin films. These data are hard to compare with our calculations because, in our opinion, these films and their interface with the substrate are not sufficiently well characterized.
IV. CONCLUSIONS
We have performed first-principles electronic structure and positron-state calculations for transition-metal carbides and nitrides. The quantities studied are the positron affinity and lifetime. For perfect carbide or nitride lattices the positron affinities are high and the lifetimes are short in comparison with the values for the corresponding transition metals. This result reQects the very high atomic and electronic density of the transition-metal carbides and nitrides. For lattices with metal or carbon/nitrogen vacancies the positron affinities are lower and the positron lifetimes longer than for the perfect lattices. The changes are larger for lattices with metal vacancies.
Comparison of the calculated positron lifetimes with recent measurements for group-IV and group-V re&actory metal carbides suggests that even in the highly stoichiometric systems positrons annihilate mainly at vacancies. Our results indicate that positrons are trapped and annihilated also at metal vacancies, the existence of which is difficult to see by other experimental methods. We suppose, on the basis of the self-consistent electronic structures, that the positron trapping coefficient is much larger for the metal vacancies than for the carbon vacancies. This makes the metal vacancies visible in PAS experiments, although their concentration will probably be lower than 0.005.
The theoretical values of positron lifetimes for re&actory metal nitrides could not be compared with measurements because of lack of experimental data. In this sense, our results can be considered as predictions and should motivate positron annihilation experiments on these important materials.
The positron affinities calculated in this work are important parameters if used in the interpretation of positron annihilation results for materials containing carbide or nitride precipitates.
A discussion about irradiation-induced precipitates in reactor vessel steels, which might consist of carbides and/or nitrides, is published elsewhere.
